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Abstract
Estimates of early atmosphere compositions from metamorphosed banded iron formations (BIFs) including
the well-studied ≥3.7 BIFs of the Isua supracrustal belt (Greenland) are dependent on knowledge of primary
versus secondary Fe-mineralogical assemblages. Using new observations from locally well preserved domains,
we interpret that a previously assumed primary redox indicator mineral, magnetite, is secondary after
sedimentary Fe-clays (probably greenalite) ± carbonates. Within ∼3.7 Ga Isua BIF, pre-tectonic nodules of
quartz + Fe-rich amphibole ± calcite reside in a fine-grained (≤100 μm) quartz + magnetite matrix. We
interpret the Isua nodule amphibole as the metamorphosed equivalent of primary Fe-rich clays, armoured
from diagenetic oxidative reactions by early silica concretion. Additionally, in another low strain lacunae,
∼3.76 Ga BIF layering is not solid magnetite but instead fine-grained magnetite + quartz aggregates. These
magnetite + quartz aggregates are interpreted as the metamorphosed equivalent of Fe-clay-rich layers that
were oxidised during diagenesis, because they were not armoured by early silicification. In almost all Isua BIF
exposures, this evidence has been destroyed by strong ductile deformation. The Fe-clays likely formed by
abiotic reactions between aqueous Fe2+ and silica. These clays along with silica ± carbonate were deposited
below an oceanic Fe-chemocline as the sedimentary precursors of BIF. Breakdown of the clays on the sea floor
may have been by anaerobic oxidation of Fe2+, a mechanism compatible with iron isotopic data previously
published on these rocks. The new determinations of the primary redox-sensitive Fe-mineralogy of BIF
significantly revise estimates of early Earth atmospheric oxygen and CO2 content, with formation of protolith
Fe-rich clays and carbonates compatible with an anoxic Eoarchean atmosphere with much higher CO2 levels
than previously estimated for Isua and in the present-day atmosphere.
Disciplines
Medicine and Health Sciences | Social and Behavioral Sciences
Publication Details
Nutman, A. P., Bennett, V. C. & Friend, C. R. L. (2017). Seeing through the magnetite: Reassessing
Eoarchean atmosphere composition from Isua (Greenland) ≥3.7 Ga banded iron formations. Geoscience
Frontiers, 8 (6), 1233-1240.
This journal article is available at Research Online: http://ro.uow.edu.au/smhpapers/4993
Research Paper
Seeing through the magnetite: Reassessing Eoarchean atmosphere
composition from Isua (Greenland) 3.7 Ga banded iron formations
Allen P. Nutman a,*, Vickie C. Bennett b, Clark R.L. Friend c
aGeoQuEST Research Centre, School of Earth and Environmental Sciences, University of Wollongong, Wollongong, NSW 2522, Australia
bResearch School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia
cGlendale, Tiddington, Oxon, OX9 2LQ, UK
a r t i c l e i n f o
Article history:
Received 24 November 2016
Received in revised form
22 February 2017
Accepted 24 February 2017
Available online 18 March 2017







a b s t r a c t
Estimates of early atmosphere compositions from metamorphosed banded iron formations (BIFs)
including the well-studied 3.7 BIFs of the Isua supracrustal belt (Greenland) are dependent on
knowledge of primary versus secondary Fe-mineralogical assemblages. Using new observations from
locally well preserved domains, we interpret that a previously assumed primary redox indicator
mineral, magnetite, is secondary after sedimentary Fe-clays (probably greenalite)  carbonates.
Within w3.7 Ga Isua BIF, pre-tectonic nodules of quartz þ Fe-rich amphibole  calcite reside in a fine-
grained (100 mm) quartz þ magnetite matrix. We interpret the Isua nodule amphibole as the
metamorphosed equivalent of primary Fe-rich clays, armoured from diagenetic oxidative reactions by
early silica concretion. Additionally, in another low strain lacunae, w3.76 Ga BIF layering is not solid
magnetite but instead fine-grained magnetite þ quartz aggregates. These magnetite þ quartz aggre-
gates are interpreted as the metamorphosed equivalent of Fe-clay-rich layers that were oxidised
during diagenesis, because they were not armoured by early silicification. In almost all Isua BIF ex-
posures, this evidence has been destroyed by strong ductile deformation. The Fe-clays likely formed by
abiotic reactions between aqueous Fe2þ and silica. These clays along with silica  carbonate were
deposited below an oceanic Fe-chemocline as the sedimentary precursors of BIF. Breakdown of the
clays on the sea floor may have been by anaerobic oxidation of Fe2þ, a mechanism compatible with
iron isotopic data previously published on these rocks. The new determinations of the primary redox-
sensitive Fe-mineralogy of BIF significantly revise estimates of early Earth atmospheric oxygen and
CO2 content, with formation of protolith Fe-rich clays and carbonates compatible with an anoxic
Eoarchean atmosphere with much higher CO2 levels than previously estimated for Isua and in the
present-day atmosphere.
 2017, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
1. Introduction
The redox-sensitive Fe-mineralogy of banded iron formations
(BIFs) has been used to constrain early Precambrian atmosphere
composition and explore the antiquity of metabolic pathways (e.g.,
Cloud, 1973; Harder, 1978; Holland, 1984; Konhauser et al., 2002,
2007, 2009; Dauphas et al., 2004; Ohmoto et al., 2004, 2014;
Johnson et al., 2008; Bekker et al., 2010; Rosing et al., 2010; Li et al.,
2013; Rasmussen et al., 2013). However, redox conditions change
during diagenesis and metamorphism, thus Fe-phases now present
in BIFs need not reflect conditions when the precursor sediments
were deposited (LaBerge, 1964; French, 1973; Rasmussen et al.,
2013, 2017).
Detailed micro-petrographic studies of undeformed and non- to
weakly-metamorphosed Paleoproterozoic and late Neoarchean
BIFs from North America, Western Australia and South Africa
demonstrate that the oxides magnetite and hematite are diagenetic
phases, derived from sedimentary precursor Fe-rich clay silicate
minerals carbonate (e.g., LaBerge,1964; Ayres, 1972; Dimroth and
Chauvel, 1973; Rasmussen et al., 2013, 2017). This means that even
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for best-preserved, non-metamorphosed magnetite or hematite
BIF, their present oxide-rich mineralogy cannot be used at face
value as a proxy for ocean-atmosphere chemistry (Posth et al.,
2008).
For the very ancient (3.7 Ga) Eoarchean BIFs of the Isua
supracrustal belt (Greenland; Moorbath et al., 1973) considered
here, the diagenetic assemblages were replaced by new minerals
crystallized during high grade metamorphism (500e600 C) and
ductile deformation (Nutman et al., 1984; Dymek and Klien, 1988).
Associated with this high-grade tectonothermal crystallisation is
the loss of microscopic diagenetic textures, and in nearly all local-
ities, loss of mesoscopic sedimentary structures as well (Fig. 1;
Nutman et al., 2007). This is an extra barrier to use the mineralogy
of these Eoarchean BIFs as proxies to constrain environmental
conditions at near the start of Earth’s sedimentary record. This
paper reports the textures and mineralogy from rare low strain
domains in Isua BIF that indicate significant removal of iron from
the hydrosphere was first as Fe2þ in clay minerals. This has rami-
fications for using the magnetite in these BIFs to constrain the
composition of the early atmosphere (Fig. 2).
2. Banded iron formations of the Isua supracrustal belt
The Isua supracrustal belt of southern West Greenland contains
the world’s largest accumulation of Eoarchean BIF (Moorbath et al.,
1973; Appel, 1980; Dymek and Klein, 1984; Frei and Polat, 2007;
Nutman et al., 2009) and is the prime focus for constraining envi-
ronmental conditions near the start of the sedimentary record. On
the bulk scale, metamorphism of many Isua BIFs was essentially
isochemical, such that they preserve seawater-like rare earth
element þ yttrium (REE þ Y) signatures and high Ni/Fe (Bolhar
et al., 2004; Konhauser et al., 2009). Additionally, the interna-
tional reference BIF material (IF-G) which comes from Isua, pre-
serves this seawater-like signature (Friend et al. 2007).
Most of the layering in Isua BIFs is thin, with separation of quartz
and magnetite  amphibole into distinct anastomosing mesobands
(Fig. 1). This tectonic fabric was produced by the destruction and
transposition of original sedimentary layering during strong ductile
deformation under amphibolite facies conditions, combined with
metamorphic segregation of quartz and the recrystallization of Fe-
bearing phases, mainly to magnetite. However, in the rare low
strain domains described here, preserved Isua BIF sedimentary
layering, nodular diagenetic structures and mineralogical-textural
relationships provide evidence that Fe-oxides were not the pri-
mary depositional phases.
In a low strain lens (6512.4050N, 4945.6610W; GPS datum
WGS84) in the >1 km thickness of folded w3.7 Ga ‘Iron Moun-
tain’ BIF at the eastern end of the Isua supracrustal belt
(Moorbath et al., 1973; Dymek and Klien, 1984; Nutman et al.,
2009), pre-tectonic siliceous nodules reside in a fine-grained
magnetite þ quartz matrix over the <5 m extent of an outcrop
(Fig. 3a,b). The nodules consist of quartz þ Fe-rich
amphibole þ accessory calcite  accessory magnetite as a dusting
Figure 1. (a) Typical outcrop of Isua strongly deformed quartz þ magnetite þ amphibole BIF, with fine-scale mostly magnetite versus mostly quartz layering. Due to the degree
of deformation this layering no longer reflects any sedimentary structure. (b) Transmitted light photomicrograph of strongly deformed Isua BIF. Note that the magnetite
(black) þ Fe-rich amphibole (green) occurs as discrete layers, not intergrown with quartz (translucent).
Figure 2. Mineralogical stabilities under different oxygen and carbon dioxide con-
centrations from Ohmoto et al. (2004), showing the Eoarchean atmosphere conditions
proposed in this paper, by Rosing et al. (2010), and atmospheric and deep water
conditions proposed by Ohmoto et al. (2004). Siderite (dolomite)* refers to the evi-
dence presented by Klien and Bricker (1977) that addition of Ca and Mg to the system
gives rise to dolomite instead of siderite.
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of disseminated 5e10 mm grains (Fig. 3c). Thin magnetite veins
traverse the nodule margins, indicative of secondary oxidation
(Fig. 4a). We interpret the nodules as a metamorphosed analogue
of the silica concretions formed during diagenesis of late Neo-
archeaneearly Paleoproterozoic BIF, where patchy early silica
cementation protected primary Fe-clay  carbonate minerals
from extensive oxidation and also the sedimentary structure
from compaction (Rasmussen et al., 2013). The Isua nodule ma-
trix is a fine-grained aggregate of magnetite þ quartz (Fig. 4b,c),
with the magnetite containing micron-scale inclusions of FeeMg
silicate (amphibole?) and quartz (Fig. 5a). In other ‘Iron
Mountain’ BIF low strain lacunae sedimentary layering is pre-
served, albeit distorted by folding (Frei and Polat, 2007). In such
cases, layers are never entirely iron oxide, with always 20 wt.%
SiO2 (Frei and Polat, 2007), which is compatible with the Fe-rich
sedimentary layering reflecting post-depositional oxidation of
Fe-clays giving rise to Fe-oxide þ silica aggregates.
The second example presented in this paper is from the
w3.76 Ga dividing sedimentary unit, which separates the southern
w3.8 Ga and northern w3.7 Ga portions of the Isua supracrustal
belt (Nutman et al., 2009). Within a <2 m long low strain domain
(6509.8700N, 4948.9340W) the layering is on a centimetre rather
Figure 3. (a) Sedimentary-diagenetic siliceous nodules (nod) within w3.7 Ga Isua ‘Iron Mountain’ BIF (WGS84 GPS; 6512.4050N, 4945.6610W). (b) Photomicrograph of a nodule.
Matrix of quartz þ magnetite (mat) aggregate surrounds a nodule of quartz þ Fe-rich amphibole  calcite with minor disseminated magnetite (nod). (c) SEM back scatter electron
image of interior of a nodule. Quartz (qtz) and Fe-rich amphibole (amph) are the dominant phases, together with minor calcite (cc) and accessory disseminated mag (mag). (d) Low
deformation lacuna within w3.76 Ga Isua dividing sedimentary unit BIF (6509.8810N, 4948.8530W). On the right side there is broader sedimentary layering preserved. On the left
side deformation is high, with transposed compositional layering overprinted by a magnetite foliation. (e) Transmitted light photomicrograph of Fig. 3d low strain BIF showing that
the magnetite-rich layers consist of fine-grained aggregates of magnetite þ quartz. An amphibole vein (vein) developed by reduction of magnetite þ quartz due to fluid introduced
in a metamorphic event. (f) Reflected light photomicrograph of magnetite-bearing layers, showing that they consist of a 100e50 mm granoblastic aggregate of quartz (dull on image)
and magnetite (bright on image).
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than millimetre scale, locally graded and is of a similar magnitude
to the layering observed in Earth’s oldest (w3.5 Ga) non-
metamorphosed and undeformed chemical sedimentary rocks in
the Pilbara, Western Australia (Van Kranendonk et al., 2003). At the
margin of the low strain domain (Fig. 3d left hand side), sedi-
mentary layering is transposed, thinned and overprinted by a much
coarsened, granular magnetiteequartz banding. Where sedimen-
tary layering is preserved (Fig. 3d right hand side), the quartz layers
contain a dusting of fine-grained (w5e10 mm) disseminated
magnetite, whereas the interspersed Fe-rich layers are fine-grained
aggregates of quartzþmagnetite (Fig. 3e,f). Themagnetite contains
rare, small quartz and amphibole inclusions (Fig. 5b). Consistent
with observations from the low strain domain in the w3.7 Ga ‘Iron
Mountain’ BIF, this again indicates that the magnetite was not
derived from recrystallization of massive sedimentary Fe-
hydroxide layers, but could be from post-depositional breakdown
of Fe-silicate (clay) to give quartz þ Fe-oxide.
Magnetite in Isua BIF contains w0.5 wt.% SiO2 (Table 1). Silician
magnetite is a feature of diagenetic magnetite in non-
metamorphosed BIF (Huberty et al., 2012). The magnetite in the
undeformed Isua BIF layers contains up to w500 ppm sulfur and
60e80 ppm Ni (Table 1), yet these best-preserved BIF are free of
separate sulphide phases. Conversely, strongly-deformed Isua BIF
displays some small disseminated pyrite grains (Appel, 1980;
Papineau and Mojzsis, 2006). A possibility is that sulphur initially
lodged in the magnetite as a nickeliferous greigite component, but
some later exsolved to form sulfides during deformation-promoted
high-temperature metamorphic recrystallisation.
Eoarchean dolomitic sedimentary carbonates are also encoun-
tered in Isua (Bolhar et al., 2004; Nutman et al., 2009, 2010, 2016).
These have seawater-like REE þ Y trace element signatures, indi-
cating deposition in a marine environment (Nutman et al., 2010),
and not from hydrothermal fluids. In a unique low-strain domain in
w3.7 Ga dolomitic rocks (Nutman et al., 2016), shallow water
sedimentary structures such as cross-lamination, storm-wave
breccias (tempestites) and the world’s oldest stromatolites are
preserved (Fig. 6). Zircon UePb geochronology of rare volcanogenic
grains indicate that these shallow water carbonates are coeval with
the ‘Iron Mountain’ BIF (Nutman et al., 2009).
3. Discussion
Because of the D33S sulfur isotope mass-independent-
fractionation signatures (Whitehouse et al., 2005; Papineau and
Mojzsis, 2006), an important starting condition for our model is
that the Eoarchean atmosphere must have been essentially
anoxic. Experimental work (Harder, 1978; Konhauser et al., 2007)
demonstrates that under anoxic conditions and consequently a
high UV flux, Fe-clays such as greenalite, not Fe-hydroxides such
as goethite, are produced by photolysis reaction between dis-
solved Fe2þ and silica. In addition, other experimental work
shows that under anoxic conditions, and even without UV action,
there is a propensity for dissolved Fe2þ and silica to react to form
Fe-silicate minerals (Tosca et al., 2016). In their study, Tosca et al.
(2006) demonstrated a pathway of first forming nanoparticles of
Fe-serpentine, which eventually aggregate to form the mineral
greenalite. Thus depending on water Fe/Si ratio, greenalite-rich
muds or greenalite-bearing cherts are produced (e.g. Rasmussen
et al., 2017). Thus in the Isua anoxic environment, the initial
removal of dissolved oceanic iron could have been by this
process, with the Fe-rich clays raining down into deeper,
lower flow regime water (Fig. 7). In transitional zones, mixed
dolomiticegreenalite-bearing lithotypes can be present, as has
been observed in well-preserved Neoarchean sequences (e.g.
Rasmussen et al., 2017 and references therein). In deeper waters,
volcanism replenishes Fe2þ (Konhauser et al., 2007; Bekker et al.,
2010), whereas surficial water undergoes Fe-depletion because of
Fe-clay formation within the photic zone. This will be replenished
by Fe2þ from deeper water, probably from volcanic sources
(Fig. 7). The implication of removal of oceanic Fe2þ by these
mechanisms is that Isua-time shallow water chemical sedimen-
tary rocks should be less Fe-rich, and this is in accord with the
dominance of dolomite rather than Fe-rich minerals in the
only instance where Isua chemical sedimentary rocks preserve
shallow water sedimentary structures and stromatolites (Fig. 3a,b;
Figure 4. (a) Reflected light image of a secondary magnetite-rich (mag) vein traversing
interior of quartz-rich nodule (left hand side of image). Note also the discordant vein
(vein) in the right hand side of the image, where passage of later reducing fluids
transformed the fine-grained quartz þ magnetite matrix into coarser-grained Fe-rich
amphibole. (b) SEM silicon map of nodule matrix. (c) SEM iron map of nodule matrix.
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Nutman et al., 2016, 2007). This matches what is observed in early
Precambrian chemical sedimentary rocks that are well-preserved,
because of minimal metamorphic overprint and tectonic disrup-
tion. Thus Rasmussen et al. (2017 and references therein) noted
that in the late Archaean Campbellrand carbonate platform
(Transvaal Supergroup, South Africa), dolomitic carbonates pre-
dominate, whereas associated deeper water facies consist of iron-
rich BIF. This scenario of Fe accumulation in deeper waters is
consistent with a marine Fe-chemocline of previous BIF genesis
models (Bekker et al., 2010). In addition, prior to the evolution of
silica-secreting organisms, the oceanic concentration of dissolved
silica would have been significantly higher and probably close to
or at saturation with respect to amorphous silica (Siever, 1992).
Therefore, the inferred composition of most of the ocean during
much of the Archean would have favoured the nucleation and
precipitation of hydrous ferrous silicates.
Table 1
LA-ICP-MS analyses of magnetite in low strain BIF, dividing sedimentary unit (oxides
in wt.%, trace elements in ppm).
Sample #1 #2 #3 #4 #5 NIST612* Expected
SiO2 0.41 0.42 0.41 0.97 0.47 69.7 69.7
Al2O3 0.18 0.18 0.19 0.20 0.16 2.01 2.11
CaO bdl bdl bdl bdl bdl 11.55 11.83
S 548.5 543.1 537.5 564.6 607.8
Mg 31.2 31.2 43.5 39.4 23.6 52.49 77.4
Ti 116.8 117.0 108.1 118.6 97.3 40.63 48.1
V 4.49 4.43 4.50 4.44 4.48 37.78 39.22
Cr 4.66 4.76 bdl 16.3 bdl 33.76 39.88
Mn 311.6 310.3 348.6 309.0 298.9 37.37 38.43
Fe stoch stoch stoch stoch stoch 97.22 56.33
Ni 70.0 69.4 77.1 79.9 61.3 40.85 38.44
Cu bdl bdl bdl bdl bdl 36.59 36.71
Zn 141.1 140.2 146.0 182.7 143.1 40.41 37.92
Y 0.023 bdl bdl 0.219 0.033 38.12 38.25
La bdl bdl bdl 0.026 0.011 35.24 35.77
Ce 0.031 0.029 bdl 0.036 bdl 37.06 38.35
Pr bdl bdl bdl 0.006 bdl 36.79 37.16
Nd 0.011 0.010 bdl 0.002 bdl 34.71 35.24
Sm bdl bdl bdl bdl bdl 36.99 36.71
Eu 0.0031 0.0030 bdl bdl bdl 34.71 34.44
Gd bdl bdl bdl 0.015 0.007 36.97 36.95
Tb bdl bdl 0.057 bdl bdl 36.21 35.92
Dy bdl bdl bdl 0.016 bdl 35.02 35.97
Ho 0.002 bdl bdl bdl bdl 37.27 37.87
Yb 0.022 0.024 0.014 0.043 0.013 37.16 39.95
Lu 0.001 0.001 bdl 0.006 bdl 35.99 37.71
Th 0.006 bdl 0.002 0.046 bdl 36.68 37.23
U 0.002 0.002 0.001 0.020 bdl 35.39 37.15
Magnetite data normalised using the stochiometric amount (wt.%) of iron;
NIST612*: NIST612 glass analysed as unknown, calibrated against NIST610
(69.7 wt.% SiO2); NIST expected values from Pearce et al. (1997).
Figure 5. (a) Matrix to the nodules shown in Fig. 3a, b. SEM BSE image of micron and sub-micron inclusions of FeeMg silicate (probably amphibole from EDS spectra) showing up as
dark tabular objects þ quartz within matrix magnetite of the nodules shown in Fig. 3. (b) SEM BSE image of micron-scale of amphibole (amph) þ quartz (qtz) inclusions in
magnetite (mag) within least-deformed BIF in the dividing sedimentary unit.
Figure 6. (a) Cross-lamination sedimentary structure preserved in 3.7 Ga
quartz þ dolomite sandstone. Sandstone (sst) overlies a dolostone unit (dol). (b) 3.7 Ga
tempestite breccia of chert (ch) and carbonate (dol) clasts in a dolomite þ quartz
matrix. (c) Rare relict stromatolites preserved in 3.7 Ga dolomitic rocks (see Nutman
et al., 2016 for detailed account).
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Removal of Fe from an anoxic ocean as Fe-clays in an environ-
ment of low free oxygen is demonstrated by Fe-rich amphibole in
Isua BIF early silica nodules and is consistent with early minneso-
taite or greenalite in North American non-metamorphosed BIF and
stilpnomelane in weakly-metamorphosed Australian BIF (LaBerge,
1964; Ayres, 1972; Rasmussen et al., 2013). Inspection of the min-
eral formula for greenalite (Fe62þSi4O10(OH)8) demonstrates that
formation of oxides from it does not need an external source of
extra oxygen, which would be paradoxical for an anoxic early Earth.
Instead it was a redox process involving conversion of some Fe2þ to
Fe3þ. As observed in Hamersley BIF (Rasmussen et al., 2013), the
degree of earliest silica cementation to produce nodules governed
whether the diagenetic redox process went to completion. Without
this cementation, clay oxidation could advance to completion,
giving aggregates of silica and Fe-oxides or hydroxides that during
metamorphism recrystallised to fine-grained quartz þ magnetite
intergrowths (Fig. 3). Conversely, the early silica cementation
forming the nodules shielded primary clay minerals from diage-
netic oxidation. In the case of Isua, metamorphism converted the
primary minerals to Fe-rich amphibole  calcite (in the silica
nodule studied, there were apparently both early Fe-silicate and
carbonate minerals based on the present mineralogy of
quartz þ amphibole þ calcite). Hence for Isua BIF, we propose that
the oxidation occurred during diagenesis by reactions taking place
in soft sediment, shortly after burial, and thus was unrelated to the
initial removal of iron from the ocean.
Phase diagrams have been used to relate the stability of iron-
bearing minerals to rCO2, O2 and H2, to derive constraints on
their partial pressures in the Archean atmosphere relative to pre-
sent atmospheric levels (PAL; Fig. 2). These studies give consider-
ably varying estimates, from CO2-rich and oxygen deficient (e.g.,
Kasting, 2014), CO2- and oxygen-rich (Ohmoto et al., 2004) and
specifically for Isua, CO2 similar to PAL, but oxygen-poor (Rosing
et al., 2010). The concentration of CO2 and O2 vary considerably
with depth in the modern oceans. Therefore, these phase diagrams
can only be used for order of magnitude constraints on Eoarchean
atmospheric conditions. The Rosing et al. (2010) proposal for
Eoarchean atmospheric CO2 levels within the same order as PAL (i.e.
<103 bar) was based on magnetite þ siderite in Isua BIF reflecting
the chemical environment during deposition (Fig. 2). The field re-
lationships and detailed petrography presented here suggest that
this is unlikely. Furthermore, Rosing et al. (2010) calculated the
stability fields for anhydrous mineral phases (Fig. 2). As shown by
Ohmoto et al. (2004), introduction of water sees the (anhydrous)
Fe-silicate fayalite and the Fe-oxide magnetite becoming meta-
stable, and instead stable phases are (hydrous) Fe2þ clay minerals
such as greenalite andminnesotaite (Fig. 2). In this hydrous system,
which is more appropriate for the formation of Isua BIF, the stability
field of siderite retreats to higher rCO2 levels, and is  w10 PAL
when greenalite is present and  w100 PAL when minnesotaite is
present (Ohmoto et al., 2004). In the late diagenesis to earliest
metamorphism of NeoarcheanePalaeoproterozoic BIF, minneso-
taite has been observed to form from greenalite (French, 1973), and
experiments by Konhauser et al. (2007) precipitated greenalite
from Fe-, Si-saturated water under an anoxic atmosphere and high
UV flux. Therefore the  w10 PAL for greenalite is considered as a
conservative, more realistic constraint for carbonate stabilisation.
Addition of Mg2þ and Ca2þ to the H2OeCO2eFeeSi system replaces
siderite by dolomite-ankerite at all oxygen levels (Klien and Bricker,
1977). This is in accord with dolomite-ankerite being the pre-
dominant Isua sedimentary carbonate with a seawater-like REEþ Y
trace element signature (Nutman et al., 2010, 2016). Our petro-
graphic observations on Isua BIFs combined with phase diagrams
indicate that Eoarchean rCO2 (atm) was 0.01 bar (>10 PAL).
However, in the Eoarchean, in the absence of other greenhouse
gases, approximately 0.2 bar CO2 would have been required to stop
the oceans freezing (Kasting, 1987). Any shortfall of greenhouse
gases could have been provided by methane, produced by either
methanogens or serpentinization of peridotite (e.g., Sleep et al.,
2004).
Anaerobic oxidation of Fe2þ in clays gives rise to magnetite
spotting and releases silica (Shelobolina et al., 2012; Pentrákova
Figure 7. Schematic diagram illustrating stages and processes in depositing the sedimentary protoliths of w3.7 Ga Isua magnetite BIF and their relationship with shallow-water Fe-
poor carbonate sedimentary rocks (facies typology modified from Fig. 7c of Bekker et al. (2010)). (a) Above iron chemocline, Fe-poor carbonates þ silica deposited in shallow marine
environment. There is an unconformity with underlying w3.71 Ga arc volcanic rocks. (b) Slope transition can supply turbidites (carbonate, clays, silica) into the banded iron
formation basin. (c) The protoliths of BIF were dominated by deposition of Fe-clay flakes and silica with silica cement, plus some turbiditic components. On the seabed, if early silica
cement is limited, the Fe-clays are converted first to (hydr)oxides þ more silica. In later diagenesis and/or metamorphism, these are converted into magnetite þ quartz.
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et al., 2013). We propose this is a strong candidate for a preliminary
process in Isua BIF diagenesis. d56Fe values for Isua BIF magnetite
of þ0.4 to þ1.1& and for Isua Fe-bearing carbonate of þ0.1
to þ0.9& have been interpreted as evidence for anaerobic oxida-
tion of Fe2þ (Dauphas et al., 2004; Craddock and Dauphas, 2011;
Czaja et al., 2013). Our observations are in accord with the iso-
topic evidence of an oxidative process, but we propose that
aqueous Fe was first precipitated as Fe2þ-clays (carbonate), prior
to post-depositional biomediated partial oxidation, eventually to
give after metamorphism the observed magnetite þ quartz
assemblage. Trace sulfur and nickel within Isua BIF magnetite not
recrystallised by deformation (Table 1) could reflect primitive
greigite-based enzymes (Russell and Hall, 2006) in the oxidative
mechanism.
4. Conclusions
(1) Eoarchean BIF from Isua are in almost all occurrences strongly
deformed, and in these rocks the segregation of phases to
alternating magnetite-rich and quartz bands is an entirely
tectono-metamorphic feature.
(2) In rare low strain areas, quartz-rich nodules in Isua BIF contain
disseminated amphiboles, whereas preserved sedimentary
layering consists of 50e100 mm aggregates of quartz þ
magnetite. The nodules are interpreted to reflect sites where
early diagenetic silicification protected depositional Fe2þ-clays
(greenalite?)  carbonate from diagenetic oxidation. In the
sedimentary layering oxidation replaced the Fe2þ-clays by
silica þ Fe-(hydr)oxide aggregates, subsequently recrystallized
to quartz þ magnetite during metamorphism.
(3) Diagenetic oxidation of the Fe2þ-clays could have been by bio-
mediation, as observed for modern clays. This mechanism is
compatiblewithpreviously published Fe-isotopedata for IsuaBIF.
(4) Deposition of iron as Fe2þ-clays requires higher CO2 levels
(compared with present atmospheric compositions) in the
Eoarchean atmosphere, than have been estimated previously
from Isua.
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